One-sentence summary: A sequence from spikemoss uncovers the true extent of the Bowman-Birk Inhibitor family to be wider than cereals and legumes, solving a longstanding mystery about their origins.
INTRODUCTION 1
Bowman-Birk Inhibitors (BBIs) were first described 70 years ago and were the subject of 2 classical experiments in biochemistry (Bowman, 1946) . BBIs are one of the many 3 different families of plant protease inhibitors reviewed by Habib & Fazili (2007) , who 4 used the structural classifications provided by the MEROPS peptidase database 5 . BBIs originally characterized from soybean (Glycine max) are 6 dual inhibitors of both trypsin and chymotrypsin (Birk, 1961; Birk et al., 1963) ; this 7 duality was later found to be the result of two separate inhibitory loops, each formed by 8 a disulfide bridge . This presence of two spatially separated 9 loops is referred to as a 'double-headed' structure ( Figure 1 ). This double-headed 10 structure is predicted to have arisen from an internal gene duplication of a single-11 headed ancestral inhibitor . The inhibitory loops are bound by 12 proteases in a substrate-like conformation, a standard mechanism for protease 13 inhibition. A double-headed BBI can bind two proteases simultaneously (Song et al., 14 1999) . BBIs also typically possess many internal disulfide bonds between conserved 15
Cys residues that provide structural stability and maintain the active conformation of the 16 inhibitory loops. Highlighting this, a recent study showed that mutating a single Cys 17 residue of a typical 'double-headed' BBI abolished the activity attributed to both loops of 18 the mutated BBI in seed extracts (Clemente et al., 2015) . 19
Since their discovery, BBIs have been shown to be widely distributed in the legume 20 (Fabaceae) and cereal (Poaceae) families . Although these two plant 21 groups are distantly related (Figure 1b) , the high sequence and structural similarity 22 between their BBIs suggests they share a common ancestor . Cereal 23
BBIs lack the double inhibitory-loop structure common in legume BBIs. This is due to a 24 lack of inhibitory-loop-forming Cys residues in the region where the second loop is 25 located in legumes, resulting in the second loop becoming non-functional (Park et al., 26 2004; . Cereal BBIs differ in size from 8 kDa to 20 kDa, whereas legume 27
BBIs are consistently around 8 kDa in size. The wide size range for cereal BBIs was 28 caused by internal gene duplication events. Although cereal BBIs lack the Cys residues 29 required for a functional second inhibitory loop, the internal duplication events have 30 3 resulted in multiple inhibitory loops for a single protein Song et al., 31 1999) (Figure 1) . 32
The inhibitory loops of BBIs can function independently from the rest of the BBI protein, 33 as demonstrated by analysis of synthetic peptides made for the nine-residue loop alone 34 . These small, synthetic peptides were also used to determine the 35 essential residues necessary for specificity to trypsin or chymotrypsin (Terada et al., 36 1978) . The sequences of the synthetic nonapeptides analysed were CTKSNPPQC and 37 CALSTPAQC, which correspond to the soybean BBI trypsin inhibitory and chymotrypsin 38 inhibitory loops, respectively . By mutating the P1 residue 39 Nearly all monocot sequences fall within three clades designated the monocot clade, 218
Poaceae clade I, and Poaceae clade II. The nodes leading to these three clades have 219 weak bootstrap support and therefore conclusions on the relationships between these 220 groups cannot be made. Both Poaceae clades contain nodes with bootstrap support 221 that contain sequences from more than one species, suggesting potential independent 222 duplication events resulting in multiple paralogous sequences within Poaceae. The 223
African oil palm (Elaeis guineensis) and pineapple (Ananas comosus), both sister to 224 Poaceae, each form species-specific nodes with bootstrap support (≥73.5%) within the 225 monocot clade. This suggests that the BBI sequences belonging to each species 226 evolved from a single common ancestral sequence, so all monocot sequences share a 227 common ancestral sequence. 228
Musa acuminata BBI-like sequences showed the highest sequence divergence from 229 other BBIs, with the five sequences analysed falling into three distinct nodes. 230
Potentially, species-specific duplication events occurred followed by sequence 231 divergence. Only one M. acuminata sequence falls into the monocot clade and the other 232 sequences form two distinct nodes from other monocot sequences. Sequences from 233 other species do fall within these nodes, but with very low bootstrap support. Possibly, 234 duplication events leading to the divergent sequences are independent of other 235 monocots and could therefore be a result of the three whole genome duplication events 236 in the Musa lineage (D'Hont et al., 2012) . Alternatively, these divergent M. acuminata 237 sequences could be the result of a duplication event in the ancestor of monocots and 238 therefore could be paralogs of sequences found in the monocot clade and Poaceae 239 clade II. Any definitive conclusions cannot be made due to the lack of bootstrap support 240 for the branches leading to these sequences. 241
DISCUSSION 242
BBIs were first studied 70 years ago and since then their structure and function have 243 been well defined (Bowman, 1946 We have determined that at least one S. moellendorffii BBI protein, BBI3, is a functional 255 trypsin inhibitor. The structure of BBI3 is predicted to be double-headed based on 256 homology-based modelling. However, due to high sequence divergence outside of the 257 predicted inhibitory sequence motifs and the presence of a third potential inhibitory Lys 258 residue, we further tested the predicted double-headed structure by analysing modified 259
proteins. By mutagenesis, we demonstrated that Ala substitutions at both K67 and K105 260 were required to abolish BBI3 inhibitor activity, suggesting that there are two 261 independent sites that bind to and inhibit trypsin. Consistent with this, single Ala 262 substitutions at K67 and K105 did not affect BBI3 inhibition. The residues K67 and K105 263 reside within the short BBI3 sequences that displayed high similarity to the angiosperm 264 BBI inhibitory motifs and are predicted to share a similar loop structure from our protein 265 model. Mutation of a third Lys residue that also fell within a short sequence that shared 266 similarity to BBI inhibitory motifs, but was not predicted to be part of an inhibitory loop 267 from our protein model, had no effect on BBI3 inhibition. Studies of short peptide mimics 268 of the BBI inhibitory loop showed similar results when the P1 residue was mutated 269 Domingo et al., 1995) . 270
Since BBIs had thus far only been described in legumes and cereals 271 Qi et al., 2005) , and these two plant families are distantly related, we reasoned that if 272 the BBIs in these two families share an ancient ancestral origin, they are likely more 273 widely distributed in angiosperms. We demonstrated that BBIs are indeed found in 274 angiosperm lineages outside the legumes and grasses. Supporting a hypothesis for a 275 common ancestral origin for angiosperm BBIs, we identified BBI-like sequences in what 276 is considered to be the most basal living representative of angiosperms, Amborella 277 trichocarpa . 278
BBIs appear to be widespread throughout the monocot lineage, being absent from only 279 one of the genomes searched. In the evolutionary scheme proposed by Mello et 280 al.(2003) , the loss of two Cys residues in the monocot lineage results in the loss of 281 functionality of the second inhibitory loop and the double-headed structure characteristic 282 of dicot BBIs. Our findings support this model, as we observed a loss of Cys residues in 283 monocot BBI-like sequences; however, we also demonstrated that the loss of the two 284 inhibitory loop-forming Cys residues potentially occurred following the divergence of 285 monocots from dicots, as we found double-headed BBI-like sequences in the monocot 286
M. acuminata. 287
Given our identification of the Selaginella BBIs and the now apparent widespread 288 distribution in angiosperms, we expected to find BBI-like sequences in gymnosperms, 289 which diverged after lycopods, but prior to the evolution of angiosperms. However, 290 searches failed to identify any BBI-like sequences in P. taeda. This could be due to the 291 lack of genetic data for other gymnosperm species, or potentially the BBIs might have 292 been lost during evolution. Alternatively, BBI-like proteins might have evolved 293 independently in Selaginella and are not related to those found in angiosperms. 294
However, this is unlikely given the high sequence similarity of the inhibitory motif and 295 shared inhibitory function.
12
BBIs appear to have been lost in several angiosperm lineages. The main mechanisms 297 for gene loss, as reviewed by Albalat and Canestro (2016) , are through unequal 298 crossing over during meiosis, the mobilization of a transposable element leading to 299 physical loss of the gene from the genome, or through the introduction of iterative 300 mutations resulting in pseudogenization or new functionality. Examples of BBI gene loss 301 have been observed in pea (Pisum sativum) germplasm collections, with evidence of 302 partial BBI sequences resulting from premature stop codons (Clemente et al., 2015) . 303
However, we failed to identify any sequences, including partial sequences, showing 304 similarity to BBIs in whole plant lineages including rosid class II and the asterids, 305 suggesting gene loss occurred by complete gene loss or through the introduction of 306 mutations resulting in the sequence becoming unrecognizable as a BBI. The loss of 307
BBIs is likely prevalent through angiosperm evolution as a result of functional 308 redundancy, as there are several families of protease inhibitors in plants that could 309 compensate for the loss of BBIs (Habib and Fazili, 2007) . For example, the serpin family 310 of protease inhibitors is widespread throughout angiosperms, including species lacking 311
BBIs such as Arabidopsis and cucumber . Species-312 specific gene loss has been observed for other protein-based plant defences such as 313 polyphenol oxidases . Gene loss is common and occurs more 314 frequently for genes coding for non-essential proteins that have minor influences on 315 plant fitness . 316
The evolutionary split between Isoetes and Selaginella is predicted to have occurred 317 370 million years ago (Arrigo et al., 2013) . Therefore, the common ancestor of the BBI-318 like sequences we have found in Isoetes and Selaginella is at least this old and pre-319 dates the evolution of angiosperms, which are predicted to have evolved between 167-320 199 million years ago (Bell et al., 2010) . Both the Isoetes and Selaginella BBI-like 321 sequences have a double-headed motif that is observed in legume BBIs and therefore it 322 can be predicted that the ancestor of both lycopod and angiosperm BBIs had a double-323 headed motif. This is supported by the identification of BBI-like sequences in the basal 324 angiosperm species A. trichopoda. Although the double-headed motif likely arose from 325 an internal gene duplication of a single inhibitory loop, we found no current day 326 examples of a single-headed BBI other than those found in cereals, whose sequences 327 13 suggest they lost two Cys residues resulting in the second loop becoming non-328 functional. 329
In conclusion, we have shown that the highly conserved BBI inhibitory motif has been 330 maintained through vascular plant evolution since at least prior to the divergence of 331 S. moellendorffii used to generate the published genome sequence (Banks et al., 2011) . 358
Isoetes and
The S. moellendorffii cuttings were preserved in RNAlater RNA Stabilization Reagent 359 (Ambion) and shipped on ice packs to Western Australia. 360 RNA extraction from S. moellendorffii, S. kraussiana, and S. martensii 361
Tissue from each species was ground with glass beads to a fine powder under liquid 362 nitrogen. Some of the thicker S. martensii stems were removed during the grinding. 363
Total RNA from approximately 0.3 mL of frozen tissue powder was extracted as 364 previously described using phenol:chloroform and a 2 M lithium 365 chloride RNA-selective precipitation. Contaminating genomic DNA was removed by 366 digesting total RNA with DNase and subsequent purification with a NucleoSpin RNA 367
Clean-up kit (Macherey-Nagel). The resulting total RNA was analysed on a NanoDrop 368
Spectrophotometer for its A260/280 and A260/230 ratios, and all three samples 369 displayed distinct banding when run on a 1% agarose gel, implying the mRNA was 370
intact. 371
Transcriptome sequencing, assembly, mining data for BBI-like sequences 372 Sequencing libraries were generated using the TruSeq® Stranded Total RNA LT with 373
Ribo-Zero Plant kit (Illumina) with 300-1000 ng of purified total RNA according to the 374 manufacturer's instructions. Sequencing was then performed on an Illumina HiSeq 1500 375 instrument as 101 bp single read runs or 2 x 101 bp paired-end read runs. 376
The de novo transcriptome assemblies were done as described . 377
Raw reads were inspected for quality using FastQC 378 (www.bioinformatics.babraham.ac.uk/projects/fastqc/). Quality trimming and filtering 379 was done using the FASTX toolkit (hannonlab.cshl.edu/fastx_toolkit/). Raw reads were 380 trimmed to maintain a phred score of 30, which sets the base call accuracy to be 99.9%, 381 and the minimum length after trimming was set at 50. Trimmed reads were filtered with 382 a quality threshold of 22 and the percentage of bases that match the quality threshold 383 was set to 90. 384 (CLCBio). RNA from S. moellendorffii was sequenced only as single reads. S. martensii 386 and S. kraussiana were sequenced as paired-end reads. Each dataset was assembled 387 initially with the default CLC settings (i.e. word size: 23, bubble size: 50) and 388 subsequently with three different word sizes (i.e. 30, 40, and 60), which determines the 389 size the reads are fragmented into before being assembled, keeping all other 390 parameters at default settings. In each case, reads were mapped back to contigs 391 keeping the mapping parameters as follows: mismatch cost: 2, insertion cost: 3, deletion 392 cost: 3, length fraction: 0.8, similarity fraction: 0.8, update contigs: yes. Relevant 393 statistics are presented in Table 2 . In this way, four transcriptomes for each of the three 394 species were assembled. 395
Each assembly was queried using tBLASTn for the two BBI-like genes identified from 396 the S. moellendorffii genome. 397
The sequence referred to from S. stauntoniana was found within the NCBI short read 398 archive (Run ERR364347) with the specific sequence ID within the dataset being 399 ERR364347.14864137.1. The pertinent region of the translated sequence encoded 400 TVCTMSYPPSCFCTKAPPNCGVGSSCCSD, in which the CTKSIPPIC-like motifs are 401
underlined. 402
Cloning of S. moellendorffii BBI-like sequences 403 5' and 3' RACE-ready cDNA was generated using the SMARTer RACE cDNA 404 Amplification Kit (Clontech). Primers for 3' and 5' RACE were designed against 405 sequences from the assembled transcriptome (for BBI3 and BBI4) and from the 406 published genome (for BBI1 and BBI2). All primers are included in Supplemental Table  407 1. Sequences were amplified using Taq DNA polymerase. Purified 3' and 5' RACE PCR 408 products were cloned into pGEM-T Easy vector (Promega) and sequenced. Primers 409 designed based on the RACE results were used to clone full-length sequences with Taq 410 DNA polymerase. For each PCR-amplified product, at least three independent clones 411 were sequenced to account for errors induced by Taq DNA polymerase. Because of the 412 high sequence similarity between BBI2 and BBI3, a single primer was designed directly 413 16 upstream of the polyA tail that matched both the BBI2 and BBI3 3' UTR sequences. 414 BBI2 and BBI3 full-length sequences were obtained with the same primer pair. 415
Sequencing and validation of BBI genes 416
Searches of the S. moellendorffii transcriptome identified two BBI-like sequences (BBI3; 417 BBI4) (Figure 2) . These sequences were not initially found in the published genome 418 using BLASTp searches. Using the RNA sequences in BLASTn searches, BBI3 and 419 upon cloning the full length sequence from cDNA we found no intron in the sequence. 432
We verified this by mapping the RNA-seq reads onto the genomic sequence with and 433 without the predicted intron present (Supplemental Figure 4) . RNA-seq reads mapped 434 to the predicted intron sequence, but not across the exon-exon junction with the 435 predicted intron manually removed, confirming that BBI2 is actually intronless. 436
S. moellendorffii BBI mRNA abundance 437
To estimate the relative abundance of each BBI gene at the mRNA level, clean 438 RNA-seq reads from S. moellendorffii mRNA (NCBI SRA BioSample Accession: 439 SAMN05958544) were mapped onto the ORF of each gene using CLC Genomics 440
Workbench 6.5.1 (CLC bio). To avoid non-specific reads mapping due to the high 441 sequence similarity between the BBI-like genes, stringent parameters were used. 442
Mapping parameters were set to a length fraction of 1.0 and similarity fraction of 1.0 to 443 allow only perfect matches to map to each gene. 444
To determine if BBI2 was intronless as we predicted, reads were mapped to genomic 445 DNA with and without the currently annotated (GenBank: XP_002981001) intron using 446 the same parameters above (Supplemental Figure 4) . 447
Homology modelling of S. moellendorffii BBI3 448
A protein model of BBI3 was generated using EasyModeller 4.0, a graphical user 449 interface for MODELLER. Only the BBI-like domain (BBI3 46-116 ) was used for the protein 450 model. The model was built against the following templates: soybean BBI (1BBI), the 451 snail medick (Medicago scutellata) BBI (1MVZ), and cowpea (Vigna unguiculata) BBI 452 (2R33), which show 28%, 31% and 28% sequence similarity with the BBI3 BBI domain, 453 respectively. 454
Recombinant protein expression, purification and mutagenesis 455
The protein encoded by BBI3 was chosen for expression in E. coli as it had the highest 456 number of reads map to its sequence, indicating that it is the most abundant BBI (Table  457 2; Supplemental Figure 1) . A synthetic BBI3 ORF that included an N-terminal six-His 458 tag and a TEV protease cleavage site in lieu of its ER signal was designed with optimal 459 codon usage for E. coli (GENEART) (Supplemental Figure 2) . The sequence was sub-460 cloned into the BamHI and SalI sites of pQE30 (Qiagen). The pQE30-BBI3 construct 461 and the suppressor plasmid pREP4 (Qiagen) were co-transformed into the E.coli strain 462 Shuffle Express (New England Biolabs, Cat. # C3028H) for protein production. 463
To test the predicted P1 inhibitory residues of BBI3, a series of mutant sequences were 464 generated by site-directed mutagenesis (Zheng et al., 2004) . Three BBI3 motifs are 465 similar to the conserved BBI inhibitory motif. In all three cases, the putative P1 Lys was 466 mutated to Ala by site-directed PCR mutagenesis using primers listed in Supplemental 467 Table 1 . Data Set 1. Searches were completed by tBLASTn using an E-value threshold of 50. 497
Sequences that shared similarity around the conserved motif were collected and pooled 498 into a single file. Only full-length sequences were used for analysis. Accession numbers 499 for all sequences are included in Supplemental Data Set 1. These sequences were 500 analysed in a PFAM batch sequence search and each sequence was found to be have 501 homology with the conserved BBI domain. 502
An alignment using the predicted amino acid sequences from all BBI-like sequences 503 identified through tBLASTn searches, as well as those from Selaginella moellendorffii 504 and Isoetes drumondii, was generated with ClustalW (2.0.12) followed by manual 505 editing with BioEdit Sequence Alignment Editor v7.2.5 (Hall, 1999) . Other than manually 506 adjusting the alignment, no deletions were made to avoid reducing the accuracy of the 507 analysis. According to a comprehensive study of filtering methods by , 508 all current filtering methods reduce accuracy of the resulting phylogenetic analysis. A 509 phylogenetic tree was generated from a protein distance matrix using neighbour joining 510 methods using the Jones- Taylor Table 2 . 525
To confirm the presence of BBI-like sequences in Musa acuminata, genomic DNA was 526 extracted using the DNeasy Plant Minikit (Qiagen). RNA was extracted from 527 I. drummondii as described for Selaginella species. Reverse transcription of this RNA 528 was performed using a ProtoScript® II First Strand cDNA Synthesis Kit (NEB). Primers 529 20 designed to amplify the complete ORF from cDNA or genomic DNA are included in 530
Supplemental Table 1 . Purified PCR products were cloned into pGEM-T Easy 531 (Promega) and sequenced. At least two independent clones were used to account for 532 errors introduced by Taq DNA polymerase. 533
Accession numbers 534
Sequence data generated for this article can be found in the NCBI short read archive 535
and GenBank under accession numbers SRP092379 and KY069178-KY069186, an angiosperm phylogeny of rbcL sequences (Elliott et al., 2014) . Inhibitory loops are indicated with Roman numerals and the corresponding loops are also labelled in panel A. The soybean sequence exemplifies the "double-headed" structure with two homologous inhibitory motifs, the second of which has been lost in cereal BBIs as a result of the loss of two Cys residues (inhibitory loop II). Many monocot BBIs have undergone internal gene duplications resulting in multiple inhibitory loops (e.g. inhibitory loop III). . Error bars represent standard deviation for three technical replicates in a single microtiter plate. Trypsin incubated with BAPNA substrate but no inhibitor was used as a control (NIC). 
Physcomitrella patens 0

Sphagnum fallax 0
Selaginella moellendorffii Pinus taeda 0
Amborella trichopoda Spirodela polyrhiza 0
Phalaenopsis equestris 1
Elaeis guineensis 8
Musa acuminata 10
Brachypodium distachyon 5
Brachypodium stacei 4
Oryza sativa 10
Panicum hallii 2
Setaria viridis 8
Zea mays 10
Sorghum bicolor 10
Ananas comosus 2
Aquilegia coerulea 3
Kalanchoe laxiflora 0
Vitis vinifera 0
Linum usitatissimum 0
Ricinus communis 0
Manihot esculenta 0
Populus trichocarpa 0
Salix purpurea 0
Glycine max 13
Phaseolus vulgaris 3
Medicago truncatula 9
Ziziphus jujuba 11
Fragaria vesca 0
Prunus persica 0
Cucumis sativus 0
Eucalyptus grandis 0
Citrus sinensis 0
Citrus clementina 0
Gossypium raimondii 0
Carica papaya 0
Arabidopsis lyrata 0
Arabidopsis thaliana 0
Boechera stricta 0 0 
Capsella grandiflora 0
Capsella rubella
MATKMGLLILMAVILLCYKSAAGLVCR-----------------PDSECCPKSKFCEAGKFCT CDRSAHPYC CSG-PSS MacBBI1
MRSAGLVVAFLALV---FLVSLSAAREDPD----IFLPS-------QGIGEEVGGEKPWACCDSCS CTKSIPPQC CTDQLIG MacBBI2
MRSGGLVVTFLALV---FLVSLSTARVDPHL--LLLLPS-------QGNGEGLAGEKPWACCDMCL CTRSFPPQC CTDELIG MacBBI3
MRYNMVVFSLVLMVAAAFFASATTTASSSHPELRSALSTKGHEEDGEGVGERSRQRRTWPCCDRCG CTKS PPQC CQD-MVR
GmaBBI b TCHSACKT-----------C--CTRSIPPQ CSDITN-FCYEPCNSSETE H IdrBBI
DCRAESQCCSDQDCPHGSSCS-CTKSIPPIC CTGVYLDADN MacBBI1 GCDPNCKT-----------C--CTRSYPPKC CYDIINDYCGERCNPEQ MacBBI2 GCHPNCKN-----------C--CTRSFPPK CRDIIYEDCGDRCHP
